Objective: The aim of this work is to investigate the possible role of Toll-like receptor 4
Introduction
Tooth germ tissues originate from epithelial and neural crest cells, and their interactions are regulated by sequential and reciprocal interactions [1] . Interactions are controlled by several signaling pathways that are crucial to embryogenesis, including the BMP, Notch, Wnt, TNF, FGF and SHH signaling cascades [2] [3] [4] . Investigating developmental processes using tooth germ models makes it possible to follow the signaling cascades in vitro. The initial stage of tooth development begins with the invagination of epithelial cells from the stomodeum. These cells later form the enamel organ, which is composed of enamel epithelium, stratum intermedium, stellate reticulum and enamel matrix-secreting ameloblasts [5] . The enamel organ is bordered by ectomesenchymal tissue originating from the neural crest; that tissue produces the dental papilla [6] . The outermost layer of dental papilla faces the inner enamel epithelium and differentiates into odontoblasts, which are responsible for the formation of the dentin matrix [7] . The development of tooth germs includes several stages: initial stage starting at embryonic day 11 (E11.5), later the epithelial cells enter into the underlying mesenchyme and form bud (E13), next stage is the cap stage where the dental papilla appears (E14) and the bell stages where the cervical and lingual loop develop (E15.5-E18.5).
The continuously growing rodent incisors are showing a single cone appearance [8] .
The special and unique shape of the incisor is produced by unequal growth and differentation of the labial enamel epithelium. The enamel producing ameloblast differentiate only along the labial aspect of rodent incisor accompanied by growth of enamel only at this side, whereas odontoblast cell differentiation and dentin hard tissue formation can be obtained at both labial and lingual side [4] . It is apparent that the different signalling pathways referred above are integrated at many levels and form complex networks during rodent incisors development, as well [10] . 4 The Toll-like receptors [TLRs] were discovered 30 years ago in relation to the development of the dorso-ventral axis in Drosophila, but TLRs also play a crucial role during immunity [11] . Odontoblasts express several TLRs that can modify their activity and influence the synthesis of extracellular matrix proteins [12] . Numerous studies have investigated the role of TLR signaling pathways during inflammation in dental pulp [13] [14] . TLR4 is responsible for the recognition of the lipopolysaccharide [LPS], a component of Gram-negative bacterial cell wall, which is considered a specific ligand of TLR4 [15] . However, numerous heat shock proteins can activate TLRs [16] [17] [18] . TLR4 complex [MD-2, CD14 and TLR4] recognizes LPS [or another agonists] and causes the degradation of IκB, which inhibits the nuclear translocation of NF-κB [15] . In the absence of IκB, NF-κB can enter the nucleus and modify the transcription of its target genes [19] . TLR4 not only controls the immune response against oral pathogens but it is suggested that TLR4 might regulate the formation of dentin, as well as the decrease the mineralization of murine odontoblast-like cell [20] [21] . It has previously been reported that TLR4-mediated signaling can decrease the mineralization of different hard tissues, such as dentin and bone, by modifying alkaline phosphatase [ALP] activity [22] [23] .
ALP plays a pivotal role during the mineralization of the enamel and dentin [24] . The enamel matrix undergoes biomineralization process and generates the hardest tissue in the human body [25] [26] .
A literature search found no experimental evidence regarding the function of TLR4 during the early stages of tooth development and mineralization of enamel matrix. We performed experiments to characterize the expression and possible role of TLR4 during tooth development. 5 All experimental procedures in this study followed the guidelines of the Animal Care and Use Committee of the University of Debrecen [DE FSZ/2010/10]. Pregnant females were euthanized according to these guidelines. Pregnant mice were killed by cervical dislocation and embryos were killed by decapitation. Embryonic age was estimated using the appearance of the vaginal plug (E0.5), and from their exterior features. Unique care has been taken to ensure the precise isolation of the incisor tooth germs from the lower jaw of NMRI mouse embryos at E13.5-E18.5 under Nikon SMZ 1000 stereomicroscope (Nikon, Tokyo, Japan) [9] .
Materials and methods

Animal care
The fine details of the tooth germ micro-dissection procedures described below for each experimental protocol (WB, Trowell-type tissue culture and RT-qPCR), respectively.
Construction of Western Blot analysis
Western blot (WB) analysis was performed using biological triplicates from E13.5 to E18.5. Samples formed by mixture of 4-4 carefully isolated tooth germs in each time points.
Mandibular incisor tooth germs remained intact, and the surface of tissue of interest did not contain any connective tissue. The WB protocol was described previously [27] . Total tissue lysates were used, and 10-20 µg of protein was separated by 7. 
Organotypic tooth germ culture was used to identify the effect of LPS
Trowel-type cultures of lower incisors were prepared from E16.5 embryos [29] . This developmental stage was chosen to investigate the secretion of enamel matrix proteins based on a concentration presented in an earlier article [30] . Special attention has been paid to remove all the extra tissue surrounding the incisor tooth germs to avoid skewed data in our further analyses. The preparation of materials and dissection of tissues was carried out under sterile condition and was performed as previously described [31] .
Briefly, the lower incisor tooth germs were dissected carefully from the lower jaw (mandibles) of 16,5-day-old mice (NMRI) in glass Petri dishes in PBS, using small scissors, According to standard Trowell-type protocol (4) Dulbecco's Modified Eagle Medium (DMEM, Gibco BRL, Gaithersburg, USA) supplemented with 15 % heat-inactivated fetal bovine serum (Gibco BRL, Gaithersburg, USA) was used as the culture medium including 0.2% (v/v) PS (Gibco/Invitrogen, Paisley, UK); penicillin (10,000 IU/mL) and streptomycin (10,000 μg/mL). For the 5 days of culture, 1 µg/mL LPS-EB Biotin (derived from E. coli 0111:B4; InvivoGen, San Diego, USA) was added to the medium [9] . The medium was changed 48 hours after the initiation of culture (on the third day of culture). Culture was terminated on the 5 th day, samples marked to E16,5+5D.
Incorporated LPS was detected by immunohistochemistry
Samples were fixed in Sainte-Marie fixative for 30 min at 4 °C after in vitro culturing. To be able to handle the apical portion of incisor tooth germs separately from their CL region, the lower mandibular incisor has been removed from each hemi-mandibles like same way as described above, but after isolation of tissue of interest the apical edge of incisor has been micro-dissected from cervical loop (CL) region. During this microsurgery the CL region has been removed gently using size 4 forceps and scalpel. Finally the CL has been fall apart while the tissue of interest remained intact, which was immediately placed for RT-qPCR experiments. RT-qPCR was performed as described in [32] with minor modifications. Briefly, 
Analysis of data and image capturing
Photomicrographs were taken using a Nikon Eclipse E800 microscope [Nikon Corporation, 
Results
TLR4 is expressed from the cap stage of tooth development and can be activated by LPS
Protein expression of TLR4 was studied with Western blot analysis in developing lower mouse incisors E13.5 to E18.5 stages (about 75 kDa) [Fig 1A] . TLR4 was not detected by
Western blotting from E13.5 tooth germs. Administration of LPS resulted in a significant reduction in IκB in E16.5 tooth germs compared to control samples [ Fig 1C] . The results were normalized to the levels of tubulin.
Biotin-bound LPS labeled functionally active TLR4 in the enamel organ and in preodontoblasts
Whole-mount samples showed strong immunoreactivity for LPS in the labial part of the treated E16.5+5D tooth germs. After histological processing of samples, the presecretory and secretory ameloblasts, stratum intermedium and preodontoblasts obviously contain biotinlabeled LPS in the tooth germs [Fig 2, inserts A-B] . In the region of postsecretory transition, signals in ameloblasts decreased. Because these structures contain active TLR4, LPS appears to be a specific ligand of TLR4.
LPS treatment decreased mineralization of tooth germ but did not affect the morphology of E16.5 tooth germs
No morphological alterations were detected in tooth germs after LPS administration [Fig 3 A   table] . After culturing, we used alizarin red staining to detect the mineralization process [Fig   3 B table, A-B] . In control samples, strong extracellular Ca 2+ deposits were present in the dentin and enamel. LPS-treated tooth germs showed significantly lower Ca 2+ content in the 11 same structures. LPS administration resulted in weak mineralization only on the labial side of the enamel organ. LPS-treated tooth germ showed no obvious mineralization on either the lingual or labial side. ELISA on LPS-treated and control total tooth germ samples showed a significant decrease in the level of type X collagen upon LPS administration in the culture medium, corroborating the results of the alizarin red staining [Fig 3 B table, C] .
LPS treatment increases the maturing of ameloblasts
To investigate a possible effect of TLR4 on ameloblasts, we examined the expression of ameloblastin RNA using in situ hybridization and RT-qPCR. Ameloblastin is a specific marker for secretory ameloblasts at E16.5 and correlates well with the maturation stage of these cells. Notably, the presence of ameloblastin was visible only in the enamel in both control and LPS-treated cultures [Fig 4 inserts A-B] . To qualify the obvious differences between the amount of ameloblastin mRNA in the treated and control group, RT-qPCR were performed. Significant higher ameloblastin expression was detected in LPS-treated than samples in control samples [Fig 4 inserts C] [p<0.005].
Discussion
TLRs play roles in developmental processes of the derivation of ectoderm [34, 16] , but there is limited information about their role during embryonic development. TLRs in the tooth have been widely investigated during pathological cases; however, until now, we did not know any of their biological functions during tooth development. We used an exogenous specific ligand of TLR4 to investigate the effect of TLR4 during tooth development, but several endogenous ligands can activate the TLRs, including Hsp-s [17] ; Gp96; high mobility group proteins; and proteoglycans [35] [36] [37] . This study provides the first evidence that TLR4 may have function in tooth development. We found that TLR4 was continuously expressed from the cap stage . At the end of the 5th days of the Trowel-type incisor culturing we found obvious differences between the treated and control E16.5+5D incisor tooth germs using alizarin red staining. We propose two possible reasons: first, the downstream signaling pathway of TLR4 may decrease the ALP activity of dental cells and osteoblasts; second, LPS may bind Ca 2+ that inhibits the incorporation of the mineral phase into the dentin and enamel 13 matrix [40] [41] . The absence of free Ca 2+ ions has been reported to inhibit ameloblast maturation [42] . The absence of free Ca 2+ ions contradicts by the result of in situ hybridization and RT-qPCR, which showing the acceleration of ameloblast maturation. The biotin-conjugated LPS labeled the active TLR4, which was present in presecretory and secretory ameloblasts, stratum intermedium and preodontoblasts. These structures normally contain ALP and participate in the mineralization of the tooth germ; we observed decreased ALP activity in our samples [data not shown] [42] . Histochemical staining results were supported by ELISA, which showed a decreased amount of collagen type X, which plays a principal role during ossification and the formation of an optimal environment for hydroxyapatite crystal deposition [25] . Collagen type X is present exclusively in the enamel matrix in tooth germs, indicating a weaker mineralization process in the enamel matrix [25] .
To detect the possible function of TLR4 receptor in the maturing of ameloblasts, we performed in situ hybridization and RT-qPCR against ameloblastin mRNA. The ameloblastin indicates the maturation of the ameloblasts during tooth development and forms a part of the enamel matrix, however transiently it is expressed in dentin matrix [5] . The whole mount in situ hybridization indicates that ameloblastin originates only from ameloblasts. The LPS treated samples showed accelerated synthesis of ameloblastin mRNA, indicating a role for TLR4 during ameloblast differentiation. Previous papers described a similar effect of TLR4 on odontoblasts, showing that TLR4 activation increases the synthesis of dentin and decorin, matrix proteins related to LPS treatment, and regulate odontoblast differentiation [43] .
Accelerated ameloblast maturation may be a direct effect of TLR4 signaling or may be a compensatory mechanism of the inhibition of mineralization. We did not decipher which downstream TLR4 signaling pathway causes these changes during tooth development warranting further investigations. It is also of interest which endogenous ligand[s] activate TLR4 during development.
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Conclusion
This study reveals the possible role for TLR4 during the synthesis and the mineralization processes of enamel matrix. The TLR4 receptor is expressed continuously from the beginning during the bell stage of tooth development. To verify the function of TLR4, we detected the degradation of IκB after LPS treatment. Biotin-labeled LPS was present in the enamel organ and preodontoblasts and decreased the mineralization of dental tissues. The treatment of tooth germ with LPS-EB biotin did not cause any obvious morphological differences between our samples, but it did positively regulate ameloblast maturation, however the mineralization of tooth germs was weaker. Our results suggest that several molecules can modify the mineralization of tooth, which can be valuable information to understand congenital tooth anomalies. On the fifth day of culture, we did not find any obvious morphological alteration between our samples [ Table A ].
Alizarin red staining indicates differences between the mineralization status of our groups [ 
